Protein translation in eukaryotes is cell-cycle dependent, with translation rates more robust in G1 phase of the cell cycle than in mitosis. However, whether the fundamental cell-cycle control machinery directly activates protein translation during the G1/S cell-cycle transition remains unknown. Using the early divergent eukaryote Trypanosoma brucei as a model organism, we report that the G1 cyclin-dependent kinase CRK1 phosphorylates two translation initiation factors, eIF4E4 and PABP1, to promote the G1/S cell-cycle transition and global protein translation. Phosphorylation of eIF4E4 by CRK1 enhances binding to the m 7 G cap structure and interaction with eIF4E4 and eIF4G3, and phosphorylation of PABP1 by CRK1 promotes association with the poly(A) sequence, self-interaction, and interaction with eIF4E4. These findings demonstrate that cyclin-dependent kinase-mediated regulation of translation initiation factors couples global protein translation with the G1/S cell-cycle transition.
INTRODUCTION
. Suppression of cap-dependent translation in mitosis coincides with eIF4E dephosphorylation (Bonneau and Sonenberg, 1987) and is attributed to the increased level of hypophosphorylated eIF4E-binding protein (BP) , which competes with eIF4G for the common binding site on eIF4E (Haghighat et al., 1995; Mader et al., 1995) and thus blocks the eIF4F complex assembly . eIF4E-BP is phosphorylated by the mammalian target of rapamycin (mTOR), an atypical serine/threonine protein kinase (Burnett et al., 1998) , thereby releasing eIF4E and activating translation (Gingras et al., 2001) . The cyclin-dependent kinase 1 (CDK1) also phosphorylates eIF4E-BP (Heesom et al., 2001; Herbert et al., 2002) and can substitute for mTOR to activate capdependent translation in mitosis (Shuda et al., 2015) . Other studies found that the translation of some specific mRNAs during mitosis is mediated by a cap-independent mechanism involving the internal ribosomal entry site (IRES) (Cornelis et al., 2000; Pyronnet et al., 2000) . However, it was suggested that gene-specific translational regulation in mitosis is mainly to repress but not activate translation (Tanenbaum et al., 2015) .
In Trypanosoma brucei, an early divergent protozoan, the genome encodes six eIF4E homologs (eIF4E1-eIF4E6), five eIF4G homologs (eIF4G1-eIF4G5), two eIF4A homologs (eIF4A1 and eIF4A2) (Freire et al., 2017) , and two PABP homologs (PABP1 and PABP2) (Kramer et al., 2013) . Two distinct eIF4F complexes have been detected in T. brucei, but the dominant eIF4F complex is assembled by eIF4E4, eIF4G3, and eIF4A1, and it associates with PABP1 through eIF4G3 and eIF4E4 (Freire et al., 2011; Moura et al., 2015; Zinoviev et al., 2011) . eIF4E4 has the highest binding affinity to the m 7 G cap among the T. brucei eIF4E homologs (Freire et al., 2011) and is the dominant eIF4E homolog co-purified in the polysomal fraction (Klein et al., 2015) . Notably, T. brucei appears to lack the homolog of eIF4E-BP, an inhibitor of the eIF4F complex assembly and a highly conserved protein found in most eukaryotes, except Caenorhabditis elegans (Zinoviev and Shapira, 2012) , suggesting that T. brucei likely adopts a cap-dependent translation control mechanism that is distinct from most eukaryotes studied so far.
Initiation of protein translation is essential for the G1/S cell-cycle transition in eukaryotes, as mutation of Cdc33, the yeast eIF4E homolog, arrested cells at G1 phase (Altmann and Trachsel, 1989; Brenner et al., 1988) and loss of the TOR function in yeast and mammals resulted in G1 arrest (Heitman et al., 1991; Wicker et al., 1990) . Therefore, robust protein translation during G1 phase depends on the TOR-mediated activation of eIF4F complex assembly ). Using T. brucei as a model organism, we report that activation of translation initiation during G1 phase requires the G1 cyclin-dependent kinase CRK1-mediated phosphorylation of translation initiation factors. Phosphorylation of eIF4E4 and PABP1 promotes eIF4E4-eIF4G3 interaction and eIF4E4-PABP1 interaction and enhances eIF4E4 binding to the m 7 G cap and PABP1 binding to the poly (A) sequence. Our results demonstrate that the fundamental cell-cycle control machinery operating at the G1/S cell-cycle boundary directly activates translation initiation, uncovering the mechanism for cell-cycle-dependent translational control.
RESULTS

The Translation Initiation Factors eIF4E4 and PABP1 Are Substrates of CRK1 in T. brucei
Our recent chemical genetic approach identified several CRK1 substrates, including two translation initiation factors, eIF4E4 and PABP1 (Hu et al., 2016) . This approach also identified Ser102 in eIF4E4 and Thr473, Ser477, and Thr484 in PABP1 as CRK1 phosphosites (Hu et al., 2016) . Further in vitro kinase assays using purified recombinant proteins followed by mass spectrometry identified six additional phosphosites-Ser90, Ser114, Ser154, Ser175, Ser229, and Thr234-in eIF4E4, but no additional phosphosites in PABP1. The seven phosphosites in eIF4E4 and the three phosphosites in PABP1 were confirmed to be in vivo phosphosites (Urbaniak et al., 2013) . Five of the seven phosphosites in eIF4E4 lie in the unusual N-terminal extension, and all three phosphosites in PABP1 are located in the proline-rich region between the fourth RNA recognition motif (RRM) and the PAB C-terminal (PABC) domain ( Figure 1A ). These CRK1 phosphosites in eIF4E4 and PABP1 are each followed by a proline residue, conforming to the minimal CDK consensus sequence (S/T*-P or S/T*-P-x-K/R, where the asterisk indicates the phosphorylation site and x represents any amino acid) (Holt et al., 2009) . A search of potential CDK phosphosites in the yeast and human eIF4E and PABP homologs from the list of phosphosites identified by mass spectrometry (Holt et al., 2009; Rigbolt et al., 2011; Sharma et al., 2014; Swaney et al., 2013; Zhou et al., 2013) suggests one or several putative CDK phosphosites ( Figure 1A ), but whether these yeast and human homologs are genuine CDK substrates remains to be determined.
Mutation of the seven phosphosites in eIF4E4 and the three phosphosites in PABP1 abolished phosphorylation by CRK1 in vitro ( Figure 1B ), confirming that these sites are the only CRK1 phosphosites in the two proteins. Immunoprecipitation of eIF4E4, PABP1, and their respective mutants bearing the phosphosite mutations from T. brucei cell lysate, followed by western blotting with the anti-phospho-Ser/Thr-Pro antibody, which specifically detects CDK phosphosites, showed that the seven phosphosites in eIF4E4 and the three phosphosites in PABP1 are phosphorylated in vivo in T. brucei ( Figure 1C ). Because phosphorylated eIF4E4 could not be separated from non-phosphorylated eIF4E4 by regular SDS-PAGE, we used Phos-tag, which binds to phosphates on phosphorylated proteins and causes slower migration of phosphorylated proteins (Kinoshita et al., 2006) , to label phosphorylated eIF4E4. Depletion of CRK1 by RNAi significantly decreased the level of phospho-eIF4E4 ( Figure 1D ), and mutation of the seven phosphosites to alanine completely abolished eIF4E4 phosphorylation ( Figure 1E ). These results demonstrated that eIF4E4 is an in vivo substrate of CRK1. Phosphorylated PABP1 (p-PABP1) was detected as a slower migrating band on the western blot, which is sensitive to lambda protein phosphatase treatment ( Figure 1F ), and its level was significantly decreased upon CRK1 depletion ( Figure 1G ). Furthermore, mutation of the three phosphosites in PABP1 to alanine (PABP1-3A) completely abolished PABP1 phosphorylation in T. brucei, whereas mutation of these phosphosites to glutamate (PABP1-3E) mimicked the migration of the p-PABP1 ( Figure 1H ). These results demonstrated that PABP1 is an in vivo substrate of CRK1.
eIF4E4 and PABP1 Are Required for the G1/S Cell-Cycle Transition
Since eIF4E4 and PABP1 are substrates of CRK1, a crucial regulator controlling the G1/S cell-cycle transition in T. brucei (Tu and Wang, 2004) , we hypothesized that they are involved in promoting the G1/S cell-cycle transition. To test this hypothesis, we generated an eIF4E4 conditional knockout (cKO) cell line and a PABP1 RNAi cell line. Western blotting confirmed the knockout of native eIF4E4 protein and the gradual depletion of the ectopically protein C-tobacco etch virus-protein A (PTP)-tagged eIF4E4 protein upon removal of tetracycline, and the knock down of the endogenously PTP-tagged PABP1 protein upon tetracycline induction (Figure 2A ). Depletion of eIF4E4 caused a moderate growth defect, whereas knock down of PABP1 inhibited cell growth ( Figure 2B ). Flow cytometry analyses showed that the depletion of eIF4E4 and knock down of PABP1 both caused a significant increase in G1 cells and a corresponding decrease in S phase and G2/M cells ( Figure 2C ). Furthermore, we quantitated the cells at different cell-cycle stages before and after eIF4E4 depletion and PABP1 knockdown. T. brucei cells at different cell-cycle stages can be distinguished by the numbers of the kinetoplast, the nucleus, and the mature basal body (BB). G1 and S phase cells have one nucleus and one kinetoplast (1N1K), but they have one or two mature BBs, respectively. G2 cells have one nucleus, two kinetoplasts, and two mature BBs (1N2K2BB). Mitotic cells are either 1N2K2BB or 2N2K2BB, and cells at the post-mitosis stage and the cytokinesis stage are 2N2K2BB ( Figure 2D ). By these criteria, we confirmed that eIF4E4 depletion and PABP1 knockdown resulted in a significant increase in G1 cells, and correspondingly, S phase cells, G2/M cells, and post-mitotic cells decreased ( Figure 2D ). Finally, we carried out a 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay and found that eIF4E4 depletion and PABP1 knockdown impaired EdU incorporation ( Figure 2E ), indicating that DNA replication was inhibited. These results demonstrated that eIF4E4 and PABP1 are each required for the G1/S cell-cycle transition.
Phosphorylation of eIF4E4 and PABP1 Is Required for the G1/S Cell-Cycle Transition
We next investigated whether CRK1-mediated phosphorylation of eIF4E4 and PABP1 is required for the G1/S cell-cycle transition. We tested the dominant-negative effect of the overexpressed eIF4E4 phospho-deficient mutant. Ectopic expression of PTP-tagged eIF4E4, eIF4E4-7A, and eIF4E4-7E was confirmed by western blotting ( Figure 3A) . Overexpression of eIF4E4 and eIF4E4-7E did not affect cell proliferation, but overexpression of eIF4E4-7A caused a moderate growth defect ( Figure 3B ), similar to eIF4E4 cKO ( Figure 2B ). These results suggest that phosphorylation of eIF4E4 is required for cell proliferation. We then quantitated the cells at different cell-cycle stages using the criteria established above and found that overexpression of eIF4E4-7A, but not eIF4E4 and eIF4E4-7E, resulted in a significant increase in G1 cells ( Figure 3C ). Overexpression of eIF4E4-7A also decreased EdU incorporation ( Figure 3D ). These results demonstrated that phosphorylation of eIF4E4 is required for the G1/S cell-cycle transition.
We used the RNAi complementation approach to test the function of PABP1 mutants. We first generated a PABP1-3′ UTR RNAi cell line by targeting the 3′ UTR of PABP1 ( Figure  4A ), and then ectopically expressed triple hemagglutinin (3HA)-tagged PABP1, PABP1-3A, and PABP1-3E, each of which bears a different 3′ UTR, in the PABP1-3′ UTR RNAi cell line ( Figure 4A ). Expression of PABP1 or PABP1-3E in the PABP1-3′ UTR RNAi cell line rescued cell proliferation ( Figure 4B ), but expression of PABP1-3A in the PABP1-3′ UTR RNAi cell line resulted in a moderate growth defect ( Figure 4B ), indicating that the phosphorylation of PABP1 is important for cell proliferation. Furthermore, quantitation of cells at different cell-cycle stages showed that the expression of PABP1-3A, but not PABP1 and PABP1-3E, caused a significant increase in G1 cells ( Figure 4C ), and EdU incorporation assays showed that the expression of PABP1-3A impaired DNA replication ( Figure 4D ). These results demonstrated that the phosphorylation of PABP1 is also important for the G1/S cell-cycle transition.
Phosphorylation of eIF4E4 and PABP1 Promotes Interactions among Translation Initiation Factors
We investigated the effect of eIF4E4 and PABP1 phosphorylation by CRK1 on the formation of the translation initiation complex. Previous work demonstrated that eIF4E4 interacts with PABP1 and eIF4G3 (Freire et al., 2011; Moura et al., 2015; Zinoviev et al., 2011) . Coimmunoprecipitation confirmed that eIF4E4 interacts with PABP1 ( Figure 5A ) and eIF4G3 ( Figure 5B ). While eIE4E4-7A pulled down significantly less PABP1 and eIF4G3 than eIF4E4, eIF4E4-7E restored the interaction with PABP1 and eIF4G3 (Figures 5A and 5B) , suggesting that the phosphorylation of eIF4E4 is required for binding to PABP1 and eIF4G3. Conversely, while PABP1-3A pulled down significantly lower amounts of eIF4E4 than PABP1, PABP1-3E restored the interaction with eIF4E4 ( Figure 5C ), suggesting that the phosphorylation of PABP1 is required for interaction with eIF4E4. However, PABP1-3A, PABP1-3E, and PABP1 all pulled down similar amounts of eIF4G3 ( Figure 5D ), indicating that the phosphorylation of PABP1 is not required for interaction with eIF4G3. To further corroborate these results, we tested the PABP1-eIF4E4 interaction and the eIF4G3-eIF4E4 interaction in CRK1 RNAi cells. Depletion of CRK1 impaired the interaction between PABP1 and eIF4E ( Figure 5E ) and the interaction between eIF4G3 and eIF4E4 ( Figure 5F ). These results demonstrated that the phosphorylation of eIF4E4 and PABP1 promotes the eIF4E4-PABP1 interaction and eIF4E4-eIF4G3 interaction.
Previous work demonstrated that the proline-rich region of human PABP1 is required for self-interaction and for cooperative binding to poly(A) (Melo et al., 2003) . We thus hypothesized that the phosphorylation of PABP1 in the proline-rich linker region by CRK1 assists in PABP1 self-interaction, thereby promoting cooperative binding to the poly (A) sequence. Co-immunoprecipitation showed that PABP1 and PABP1-3E pulled down both phospho-PABP1 and non-phospho-PABP1, but the amount of phospho-PABP1 was significantly higher than that of non-phospho-PABP1 ( Figure 5G ). Moreover, PABP1-3A only pulled down phospho-PABP1 ( Figure 5G ). These results demonstrated that nonphospho-PABP1 does not interact with itself, but does interact with phospho-PABP1. These results also suggest that PABP1 self-interaction requires phosphorylation by CRK1. Coimmunoprecipitation of PABP1 in CRK1 RNAi cells showed that the depletion of CRK1 impaired PABP1 self-interaction ( Figure 5H ), further confirming that phosphorylation of PABP1 promotes self-interaction.
Finally, to test whether the interactions between these translation initiation factors are cellcycle dependent and are mediated by mRNAs, we carried out co-immunoprecipitation experiments using cell-cycle-synchronized cells and treated the cell lysate with RNase ( Figures S1 and S2 ). The results showed that these protein-protein interactions are independent of the cell cycle ( Figure S1 ) and are not mediated by mRNAs ( Figure S2 ).
Phosphorylation Strengthens eIF4E4 Association with the m 7 G Cap and PABP1 Association with the Poly(A) Sequence
We examined whether phosphorylation of eIF4E4 affects its association with the m 7 G cap structure. 7-Methylguanosine 5′-triphosphate (m 7 GTP) pull-down assays showed that a significantly lower amount of eIF4E4 was pulled down from CRK1 RNAi cells than from the non-induced control cells ( Figure 6A ), indicating that the association of eIF4E4 with the m 7 G cap requires CRK1 phosphorylation. Using synchronized cells, we showed that the association of eIF4E4 with the cap structure is not cell-cycle dependent (Figures S3A and S3B) . In addition, phospho-PABP1 (p-PABP1) and eIF4G3, which were co-precipitated with phospho-eIF4E4, were also significantly decreased in CRK1 RNAi cells ( Figure 6A ), suggesting that CRK1 depletion disrupted the association of the eIF4E4-PABP1-eIF4G3 complex with the m 7 G cap. Finally, the m 7 GTP pull-down assay showed that a significantly lower amount of eIF4E-7A but a significantly higher amount of eIF4E4-7E than wild-type eIF4E4 were pulled down ( Figure 6B ), further demonstrating that the association of eIF4E4 with the m 7 G cap is strengthened by CRK1-mediated phosphorylation.
The effect of PABP1 phosphorylation on its association with the poly(A) sequence was investigated using poly(A) pull-down assays. Under medium stringency (200 mM NaCl) conditions, a lower amount of p-PABP1 was pulled down from CRK1 RNAi cells than from the control cells, whereas there was no significant difference in the amount of non-phospho-PABP1 pulled down from the control and RNAi cells ( Figure 6C ). Moreover, a significantly higher amount of p-PABP1 than PABP1 was pulled down ( Figure 6C ). Under high stringency (500 mM NaCl) conditions, only p-PABP1 was pulled down ( Figure 6C ). These results suggest that p-PABP1 has stronger affinity to the poly(A) sequence than PABP1. The association of PABP1 with the poly(A) sequence is not cell-cycle dependent (Figures S3C and S3D) . In addition, a significantly lower amount of eIF4E4 and eIF4G3 was coprecipitated with p-PABP1 by poly(A) beads from CRK1 RNAi cells than from the control cells ( Figure 6C ), suggesting that CRK1 depletion impaired the association of the eIF4E4-PABP1-eIF4G3 complex with the poly(A) sequence. Furthermore, a poly(A) pull-down assay was carried out for the PABP1-3A and PABP1-3E mutants. Under medium stringency conditions, a significantly higher amount of p-PABP1 and PABP1-3E than PABP1-3A was pulled down ( Figure 6D ), and under high stringency conditions, PABP1-3A was not pulled down ( Figure 6D ), indicating that the phosphorylation of PABP1 enhances its association with the poly(A) sequence.
CRK1 Phosphorylation of eIF4E4 and PABP1 Is Required for Protein Translation
Because CRK1 phosphorylates eIF4E4 and PABP1 (Figure 1 ), we investigated whether CRK1 is required for protein translation. To monitor protein synthesis, we carried out Lazidohomoalanine (AHA) incorporation assays (Dieterich et al., 2006) , which detect the incorporated AHA during protein synthesis by fluorescence microscopy, and quantified the fluorescence intensity of AHA-incorporated proteins in individual cells. CRK1 RNAi cells possessed a significantly lower cellular fluorescence intensity than the non-induced control cells ( Figures 7A and S4A ), similar to the eIF4E4 cKO cells and PABP1 RNAi cells, which served as positive controls ( Figures 7A and S4A ), demonstrating that CRK1 is required for protein translation. Using the same approach, we showed that cells expressing the phosphodeficient eIF4E4 mutant (eIF4E4-7A) and PABP1 mutant (PABP1-3A) had a significantly lower level of incorporated AHA than the control cells ( Figures 7B, 7C , S4B, and S4C), demonstrating that phosphorylation of both proteins is important for protein translation. Cells expressing eIF4E4-7E had a significantly higher level of incorporated AHA than the control cells ( Figure 7B ), suggesting that constitutive phosphorylation of eIF4E4 further promotes protein translation.
DISCUSSION
The earliest evidence for the requirement of protein translation for the cell-cycle transition from G1 to S phase was obtained with the budding yeast PRT1/eIF3b mutant (Hanic-Joyce et al., 1987) and the Cdc33/eIF4E mutant (Brenner et al., 1988) . Additional evidence came from genetic ablation of other translation initiation factors, such as eIF2a, eIF4A, eIF2b, eIF3i, and eIF1, which arrests yeast cells at G1 phase (Yu et al., 2006) . Moreover, pharmacological inhibition of the TOR kinase causes a G1 arrest in yeast (Heitman et al., 1991) due to a blockade in translation initiation (Barbet et al., 1996) , and a G1 arrest in humans (Wicker et al., 1990) due to the inhibition of eIF4E-BP phosphorylation and thus defective protein translation (Burnett et al., 1998) . In T. brucei, depletion of the TOR complex 1 (TORC1) also inhibits protein translation and causes a G1 arrest (Barquilla et al., 2008) . The cell-cycle defects caused by cKO of eIF4E4 and RNAi of PABP1 (Figure 2 ) further confirm that protein translation is required for the G1/S cell-cycle transition in T. brucei. Such a control mechanism for the G1/S transition is physiologically relevant, as numerous proteins need to be synthesized during S and G2 phases to prepare the cells for duplicating and segregating the genome and organelles. It is thus not surprising that this control scheme is conserved from T. brucei, one of the earliest divergent eukaryotes, to humans.
The activation of cap-dependent translation in G1 phase through mTOR-mediated phosphorylation of eIF4E-BP and MnK-mediated phosphorylation of eIF4E has been well characterized in mammals, but the mechanism for TOR-mediated translation initiation and G1/S cell-cycle progression in yeast remains poorly understood . Using the early branching T. brucei as a model system, we uncovered a regulatory mechanism for the activation of cap-dependent translation in G1 phase, which involves the phosphorylation of eIF4E4 and PABP1 by the G1 cyclin-dependent kinase CRK1 ( Figure  7D ). Phosphorylation of eIF4E4 and PABP1 promotes protein-protein interactions among translation initiation factors ( Figure 5 ) and enhances their respective binding to the m 7 G cap structure and the poly(A) sequence (Figure 6 ), thereby activating protein translation ( Figures  7A-7C ) and promoting the G1/S cell-cycle transition (Figures 2, 3 , and 4). This CRK1-mediated regulation of cap-dependent translation during the G1/S cell-cycle transition is distinct from the mitotic CDK1-mediated activation of cap-dependent translation during mitosis in humans, in which CDK1 substitutes for mTOR to phosphorylate eIF4E-BP (Shuda et al., 2015) . In T. brucei, TORC1 is required for activating protein translation during G1 phase (Barquilla et al., 2008) , but a structural homolog of eIF4E-BP is missing in the genome (Zinoviev and Shapira, 2012) , and whether a functional homolog of eIF4E-BP exists remains unknown. Therefore, it is unclear whether T. brucei still adopts a canonical TOR-mediated translation control mechanism as in mammals or has evolved a distinct TORmediated pathway. Moreover, a close homolog of MnK has not been found in T. brucei (Naula et al., 2005; Parsons et al., 2005) , and eIF4E4 in T. brucei lacks the analogous residue of Ser209 of human eIF4E (Freire et al., 2011) , raising the question of whether eIF4E4 undergoes similar regulation as in humans. Conversely, in yeast and humans, whether the G1 CDK regulates translation initiation by phosphorylating eIF4E and PABP is also unknown. The eIF4E and PABP homologs from yeast and humans contain putative CDK phosphosites ( Figure 1A ), but their candidacy as CDK substrates and the effect of phosphorylation of these sites on translation remain to be investigated.
The effect of Ser209 phosphorylation on the binding of eIF4E to the m 7 G cap has been controversial . Earlier work suggests that phosphorylation of Ser209 increases the binding of eIF4E to capped mRNA (Minich et al., 1994) , consistent with the fact that hyperphosphorylation of eIF4E usually correlates with higher rates of protein synthesis (Lamphear and Panniers, 1990) . However, another study suggests that phosphorylation of eIF4E reduces its binding to capped mRNA, primarily due to an increased dissociation rate . Our work showed that the association of eIF4E4 with the m 7 G cap is strengthened by CRK1 phosphorylation of seven Ser/Thr residues at the N terminus of eIF4E4 ( Figures 6A and 6B) . However, the m 7 GTP-agarose pull-down assay used in this study does not test the direct binding of eIF4E4 to the m 7 G cap structure, as the eIF4E4 protein used for the assay was expressed in T. brucei and still forms a complex with other translation initiation factors, which could have significantly influenced the binding of eIF4E4 to the m 7 G cap. Previous work demonstrated that the interaction of eIF4G with eIF4E stabilizes the binding of eIF4E to capped mRNA (Haghighat and Sonenberg, 1997; von Der Haar et al., 2000) . The interaction of eIF4G3 with eIF4E4 was impaired by the dephosphorylation of eIF4E4 ( Figures 5B and 5F ). Therefore, it is likely that the dissociation of eIF4G3 from eIF4E4 significantly reduced eIF4E4 binding to the m 7 G cap. Moreover, the CRK1 phosphosites on eIF4E4 are mostly located in the N-terminal extension, which is not present in the eIF4E homologs from yeast and humans ( Figure 1A) . Thus, these phosphosites are unlikely to contribute directly to cap binding, but the possibility that phosphorylation may influence the overall structure of eIF4E4 and thus affects its capability of binding to the m 7 G cap cannot be ruled out.
PABP1 is a phosphoprotein in various organisms, including yeast, plants, and animals (Drawbridge et al., 1990; Gallie et al., 1997; Zhou et al., 2013) . The phosphorylated form of PABP purified from plants binds to the poly(A) RNA cooperatively (Le et al., 2000) , and human PABP1 also binds to poly(A) cooperatively (Melo et al., 2003) . In the Xenopus oocyte, four residues within the proline-rich region of the embryotic PAB (ePAB) are phosphorylated, and hyperphosphorylated ePAB associates with polysomes or cap complexes (Friend et al., 2012) . T. brucei PABP1 is phosphorylated at three sites within the proline-rich region (Figure 1) . The phosphorylated form of PABP1 appears to associate with the poly(A) sequence with higher affinity than the non-phosphorylated form of PABP1 ( Figures 6C and 6D ) and with the cap-binding translation initiation factor complex ( Figures 5A, 5E , and 6A), and it is important for translation ( Figure 7C ). Although the poly(A) agarose pull-down assay is unable to test the direct binding of PABP1 to the poly (A) sequence, our results demonstrated that the phosphorylation state of PABP1 affects its association with poly (A) (Figures 6C and 6D) . Furthermore, because phosphorylation of PABP1 in the proline-rich linker region is necessary for self-interaction ( Figures 5G and  5H) , it suggests that the phosphorylation of PABP1 may promote cooperative binding to the poly(A) sequence, as in the case of human PABP1, which self-interacts through the prolinerich linker, thereby binding cooperatively to the poly(A) sequence (Melo et al., 2003) .
The phosphorylation state of eIF4E4 and PABP1 not only influences their respective association with the m 7 G cap and poly(A) but it also affects protein-protein interactions between themselves and with other translation initiation factors. Interaction between PABP1 and eIF4E4 depends on the phosphorylation of either of them by CRK1 ( Figures 5A, 5C , and 5E), but the interaction between PABP1 and eIF4G3 does not require CRK1 phosphorylation of PABP1 ( Figure 5D ). Interaction between PABP1 and eIF4E4 (Zinoviev et al., 2011) appears to be found only in the kinetoplastid parasites (Zinoviev and Shapira, 2012) ; however, the physiological significance of this interaction remains unknown. We speculate that the effect of the phosphorylation state of eIF4E4 and PABP1 on their pairwise interaction and on the eIF4E4-eIF4G3 interaction may affect translation initiation in the following ways. Phosphorylation may provide the specificity for the interaction among the translation initiation factors, thereby controlling the proper assembly of the translation initiation machinery. Phosphorylation may regulate the strength of the interaction among the translation initiation factors in response to the internal cues that promote the G1/S cell-cycle transition and/or global protein synthesis. Through regulating the PABP1-eIF4E4 interaction, phosphorylation by CRK1 may facilitate the circulation of mRNA; and through regulating the interaction between eIF4E4 and eIF4G3, phosphorylation by CRK1 may enhance the binding of eIF4E4 to the m 7 G cap, both of which promote translation.
The discovery of the G1 CDK-mediated regulation of translation initiation during the G1/S cell-cycle transition in the early divergent T. brucei raises the question of whether it represents an ancient control mechanism and is conserved across the eukaryotic organisms from yeast to humans. It also raises a question of whether this control mechanism operates in addition to the TORC1-mediated control of translation initiation to provide another layer of regulation or substitutes for TORC1 to promote translation initiation. Despite these open questions, the present work uncovers a mechanism for cell-cycle-dependent translational control and reveals a non-canonical role for the G1 CDK in regulating protein translation to promote the G1/S cell-cycle transition.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The procyclic form of T. brucei strain Lister427 was grown at 27°C in SDM-79 medium containing 10% heat-inactivated fetal bovine serum. The procyclic form of T. brucei strain 29-13 (Wirtz et al., 1999 ) was cultured at 27°C in SDM-79 medium supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Inc), 15 μg/ml G418, and 50 μg/ml hygromycin. Cells were sub-cultured by 1/10 dilution with fresh medium whenever the cell density reached 5×10 6 /ml.
METHOD DETAILS
Purification of recombinant proteins and in vitro kinase assay-The full-length coding sequence of CRK1 was cloned into the pCDF-Duet1 vector (Novagen), and the fulllength coding sequence of CYC2, the cyclin partner of CRK1, was cloned into the pGEX-4T-3 vector (Clontech). The two proteins were co-expressed in E. coli BL21 Rosetta strain (Novagen) and purified by passing through the glutathione-Sepharose 4B beads as described previously (Hu et al., 2016) . The full-length coding sequence of eIF4E4 and PABP1 was cloned into pGEX-4T-3 vector. Site-directed mutagenesis was carried out using the QuickChange Site-directed mutagenesis kit (Agilent Technologies) to mutate the seven phosphosites in eIF4E4 to alanine (eIF4E4-7A) and glutamate (eIF4E4-7E) and the three phosphosites in PABP1 to alanine (PABP1-3A) and glutamate (PABP1-3E). These plasmids were each transformed into the E. coli BL21 Rosetta strain, and recombinant proteins were purified through binding to the glutathione-Sepharose 4B beads according to the manufacture's instruction manual.
In vitro kinase assay was carried out as described previously (Hu et al., 2016) . Purified recombinant proteins were incubated in the kinase buffer (50 mM HEPES, pH 7.5, 0.1 M NaCl, 10 mM MgCl 2 ) containing 1 mM ATP for 1 h at room temperature. Kinase reaction was stopped by adding 2 mM EDTA. Samples were separated by SDS-PAGE, transferred onto a PVDF membrane, and immunoblotted with anti-phospho-Threonine-Proline mAb (Cell Signaling Technologies, Cat#: 9391), which detects the phosphorylated serine and threonine followed by a proline. In vitro phosphorylated eIF4E4 and PABP1 were also excised from the SDS-PAGE gel, and analyzed by LC-MS/MS to identify the phosphosites at the Clinical and Translational Proteomics Service Center of the University of Texas Health Science Center at Houston.
Mass spectrometry and data analysis-The SDS-PAGE gel samples containing the desired protein band were processed with USCF In-gel digestion protocol including reduction and alkylation of cysteine. After trypsin digestion overnight, the peptides were extracted from the gel with 50% acetonitrile and 5% formic acid. After extraction, samples were dried using speedvac, and then reconstituted in 2% acetonitrile with 0.1% formic acid and injected on to Thermo LTQ Orbitrap XL. Samples in 2% (v/v) acetonitrile 0.1% (v/v) formic acid were analyzed on a LTQ Orbitrap XL (Thermo-Fisher Scientific, Bremen, Germany) interfaced with an Eksigent nano-LC 2D plus ChipLC system (Eksigent Technologies, Dublin, CA). The sample was loaded onto a ChromXP C18-CL trap column (200μm i.d. × 0.5 mm length, 3 μm particle size) at flow rate 3 μl/min. Reversed-phase C18 chromatographic separation of peptides was carried on a on a ChromXP C18-CL column (75mm i.d × 10 cm length, 3μm) at 300 nl/min, column temperature was control at 60°C. Gradient conditions were: 3%-8% B for 5 min; 8%-30% B for 80min; 30%-90% B for 10 min; 90% B held for 10 min; 90% -3% for 5 min (solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in acetonitrile), the total run time was 125 min. The LTQ Orbitrap was operated in the data dependent mode to simultaneously measure full scan MS spectra in the Orbitrap and the five most intense ions in the LTQ by CID, respectively. In each cycle, MS1 was acquired at target value 1E6 with resolution R = 100,000 (m/z 400) followed by top 5 MS2 scan at target value 3E4. The mass spectrometric setting as follows: spray voltage was 1.6 KV, charge state screening and rejection of singly charged ion were enabled. Ion selection thresholds were 8000 for MS2; 35% normalized collision energy; activation Q was 0.25, and dynamic exclusion was employed for 30 s. Raw data files were processed and search using Thermo Proteome Discoverer software or the Mascot search engine. Protein search was against Tb927-Trypanasoma database. The search conditions used peptide tolerance of 10 ppm and MS/MS tolerance of 0.8 Da with the enzyme trypsin and 2 missed cleavages.
RNA interference and conditional gene knock-out-To generate the PABP1 RNAi cell line, a 500-bp DNA fragment (nucleotides 501-1000) corresponding to the middle portion of the coding sequence of PABP1 was cloned into the Stem-Loop RNAi vector pSL (Hu et al., 2016) . The pSL-PABP1 plasmid was linearized with Notl and transfected into the 29-13 strain by electroporation. Transfectants were selected with 2.5 μg/ml phleomycin in SDM-79 medium containing 15 μg/ml G418 and 50 μg/ml hygromycin, and cloned by limiting dilution in a 96-well plate. The CRK1 RNAi cell line was reported previously (Hu et al., 2016; Liu et al., 2013) . RNAi was induced by incubating the cells with 1.0 μg/ml tetracycline. Growth of cells was monitored daily by counting the cells with a hemacytometer.
To generate eIF4E4 cKO cell line, the full-length eIF4E4 coding sequence was cloned into pLew100-PTP vector, and the resulting plasmid was linearized with NotI and transfected into the 29-13 strain by integrating the plasmid into the rDNA spacer locus. Successful transfectants were selected under 2.5 μg/ml phleomycin and cloned by limiting dilution. Subsequently, one allele of eIF4E4 was replaced with the puromycin-resistance gene, and transfectants were further selected under 1.0 μg/ml puromycin and cloned by limiting dilution. The single-allele eIF4E4 knockout cell line thus obtained was cultured in the presence of 0.5 μg/ml tetracycline to induce the expression of the ectopic PTP-tagged eIF4E4, and the second allele of eIF4E4 was replaced by the blasticidin-resistance gene. This conditional double knockout cell line was maintained by culturing the cells in the presence of 0.5 μg/ml tetracycline. Knockout of both alleles of eIF4E4 was confirmed by PCR and western blotting with anti-eIF4E4 antibody. To examine the growth defect of eIF4E4 cKO cell line, tetracycline was washed off and cells were cultured in tetracyclinefree medium.
does not overlap with the downstream gene, was cloned into the stem-loop RNAi vector pSL-PAC, which was modified from the pSL RNAi vector by replacing the phleomycin resistance gene with the puromycin resistance gene. The resulting construct pSL-PABP1-3′UTR-PAC was linearized with NotI, and transfected into the 29-13 cell line. Transfectants were selected under 1 μg/ml puromycin in addition to 15 μg/ml G418 and 50 μg/ml hygromycin B, and further cloned by limiting dilution in a 96-well plate.
Full-length PABP1 was cloned into pLew100-3HA vector. To generate the phospho-deficient mutant (PABP1-3A) and the phospho-mimic mutant (PABP1-3E), site directed mutagenesis was carried out to mutate the three phosphosites to alanine or glutamic acid using pLew100-PABP1-3HA as the template. These plasmids were each linearized with NotI and transfected into the cell line containing the pSL-PABP1-3′UTR-PAC construct. Transfectants were selected under 2.5 μg/ml phleomycin in addition to 1 μg/ml puromycin, 15 μg/ml G418, and 50 μg/ml hygromycin B, and cloned by limiting dilution in a 96-well plate. Subsequently, the clonal cell line was used for endogenous PTP tagging of PABP1 at the N terminus, which was used to monitor the efficiency of PABP1 RNAi (see below).
In situ epitope tagging of proteins-Epitope tagging of PABP1 and eIF4G3 from their respective endogenous locus was carried out using the PCR-based method (Shen et al., 2001) . PABP1 was tagged with a C-terminal PTP epitope (puromycin resistance) in PABP1 RNAi cell line, with an N-terminal PTP epitope (blasticidin resistance) in PABP1-3′UTR RNAi cell line, and with a C-terminal triple HA epitope (puromycin resistance) in 427 cell line, CRK1 RNAi cell line, and cell lines overexpressing wild-type and mutant eIF4E4. eIF4G3 was tagged with a C-terminal triple HA epitope (puromycin resistance) in CRK1 RNAi cell line and cell lines overexpressing wild-type and mutant eIF4E4. For assessing BABP1 self-interaction, one allele of PABP1 was tagged with a C-terminal triple HA epitope (puromycin resistance), and the other allele of PABP1 was tagged with a C-terminal PTP epitope (blasticidine resistance) in CRK1 RNAi cell line. Transfectants were selected with appropriate antibiotics and cloned by limiting dilution in a 96-well plate.
EdU incorporation assay-Analysis of DNA replication by detecting the incorporation of EdU into DNA was carried out using the Click-iT™ EdU Alexa Fluor™ 488 imaging kit (Thermo Fisher, Cat# C10337). T. brucei cells were incubated with SDM-79 medium containing 30 μM EdU for 6 h. Cells were collected by centrifugation, washed once with PBS, and fixed with 4% paraformaldehyde in PBS. Cells were then adhered to coverslips for EdU detection according to the manufacturer's instructions. Cells were visualized under a fluorescence microscope, and EdU-positive cells were counted.
Cell cycle synchronization and flow cytometry-Cell cycle synchronization of T. brucei by starvation was performed as described previously (Archer et al., 2011) . Briefly, cells were seeded at a density of 1 × 10 6 cells/ml in 50 mL SDM-79 medium, and were cultured in the same medium at 27°C for 72 h. Cells were then harvested by centrifugation at 2000 rpm (2500 × g) for 10 min, re-suspended in fresh SDM-79 medium, and cultured for another 3 h to allow cells to recover from starvation (Archer et al., 2011) . Cells were then collected and analyzed by flow cytometry or used for co-immunoprecipitation, m 7 G capbinding assay, and poly(A)-binding assay.
Flow cytometry analysis of synchronized and asynchronous cells was carried out as previously described (Hu et al., 2016) . Briefly, cells were washed three times with PBS, fixed in ethanol at 4°C for 1 h. Cells were washed twice with PBS and then suspended in PBS. DNase-free RNase (10 μg/ml) and propidium iodide (20 μg/ml) were added to the cell suspension, and the DNA content of the cells was analyzed using a FACScan analytical flow cytometer (BD Biosciences). The percentage of cells in each phase of the cell cycle (G1, S, and G2/M) was determined by Kaluza Analysis software (Beckman Coulter).
Co-immunoprecipitation and quantitative western blotting-Coimmunoprecipitation was carried out according to our previous procedures (Hu et al., 2016) . Briefly, cells (5 × 10 7 ) were lysed by incubating with 1.0 mL immunoprecipitation buffer (25 mM Tris-HCl, pH7.6, 100 mM NaCl, 1 mM DTT, 1% NP-40, and Complete Mini EDTA-free protease inhibitor cocktail) for 30 min on ice. Cell lysate was centrifugated at 14000 rpm (18,407 × g) in a microcentrifuge for 15 min at 4°C. Cleared cell lysate was incubated with 50 μl settled IgG Sepharose 6 Fast Flow affinity resin (GE Healthcare, Cat#: 17-0969-01) or 50 μl settled EZview™ anti-HA affinity gel (Sigma-Aldrich, Cat# E6779) for 2 h at 4°C, and immunoprecipitates were washed three times with the immunoprecipitation buffer. Proteins bound to the IgG beads or the anti-HA beads were eluted with 10% SDS, separated by SDS-PAGE, transferred onto a PVDF membrane, and immunoblotted with appropriate antibodies. For RNase A treatment, the cleared cell lysate was incubated with 40 μg/ml RNase A (Roche) at 37°C for 30 min, and then used for coimmunoprecipitation as described above.
For quantitative western blotting, an equal number (5 × 10 5 ) of cells were lysed, and cell lysate was fractionated on SDS-PAGE, transferred onto a PVDF membrane, and immunoblotted with the primary antibodies for 1 hour at room temperature. The following primary antibodies were used: anti-HA mAb (1:1,000 dilution, Sigma-Aldrich, Clone HA-7), anti-Protein A pAb (1:1,000 dilution, Sigma-Aldrich), anti-phospho-ThreonineProline mAb (1:1,000 dilution, Cell Signaling), anti-eIF4E4 pAb (1:1,000 dilution) (Pereira et al., 2013) , anti-eIF4G3 pAb (1:500 dilution) (Pereira et al., 2013) . After washing three times with TBST, the membrane was incubated with FITC-conjugated anti-mouse IgG (1:400 dilution, Sigma-Aldrich) or IRDye® 680LT anti-rabbit IgG (1:2,500 dilution, Li-Cor Cooperate), and western blot signals were captured using the Bio-Rad ChemiDoc™ MP imaging system. Quantitation of protein band intensity was carried out with the ImageJ software (NIH).
Phos-tag™ and lambda protein phosphatase treatments-For separation of phosphorylated proteins from non-phosphorylated proteins on SDS-PAGE, 50 μM Phostag™ (Wako Pure Chemical Industrials, Inc) was added to the solutions when preparing the SDS acrylamide gel. Western blotting using the Phostag™-containing SDS-PAGE gel was carried out according to standard procedures. For lambda protein phosphatase (λPPase) treatment, cells were first lysed with the immunoprecipitation buffer (see above) on ice for 30 min. Subsequently, 100 units of lambda protein phosphatase (New England Biolabs, Cat#: P0753), 5μl 10 × NEBuffer for Protein MetalloPhosphatases, and 1 mM MnCl 2 were added into the cell lysate (40 μl) and incubated at 30°C for 30 min. m 7 GTP agarose pull-down and poly(A) agarose pull-down assays-For m 7 GTP agarose pull-down of eIF4E4 from T. brucei cell lysate, cells (2 × 10 7 ) were lysed in 0.5 mL immunoprecipitation buffer (see above) on ice for 30 min. Cleared cell lysate was incubated with 50 μl γ-aminophenyl-m 7 GTP (C 10 -spacer)-agarose (Jena Bioscience, Cat#: AC-155) with gentle rotation at 4°C for 2 h. Beads were washed three times with the immunoprecipitation buffer. Bound proteins were eluted by incubating with SDS-PAGE sampling buffer. Western blotting was carried out with anti-eIF4E4 polyclonal antibody to detect cap-bound eIF4E4 and with anti-HA antibody to detect 3HA-tagged PABP1 that was co-precipitated with eIF4E4.
For poly(A) agarose pull-down of PABP1 from T. brucei cell lysate, cells (2 × 10 7 )
expressing endogenously 3HA-tagged PABP1 were lysed in 0.5 mL immunoprecipitation buffer (25 mM Tris-HCl, pH7.6, 200 mM NaCl, 1 mM DTT, 1% NP-40, and protease inhibitor cocktail). Cleared cell lysate was incubated with 50 μl poly(A)-agarose (Jena Bioscience, Cat#: AC-159S) with gentle rotation at 4°C for 2 h. Bound proteins were similarly eluted as described above. Western blotting was performed with anti-HA antibody to detect poly(A)-bound PABP1-3HA and with anti-eIF4E4 antibody to detect eIF4E4 that was co-precipitated with PABP1-3HA.
L-Azidohomoalanine incorporation assay-L-Azidohomoalanine (AHA) incorporation assay was carried out using the Click-iT® AHA Alexa Fluor® 488 Protein Synthesis HCS Assay kit (Thermo Fisher, Cat#: C10289). T. brucei cells were cultured in methionine-free SDM-79 medium for 2 h and then incubated with 50 μM AHA in methionine-free SDM-79 medium for an additional 6 h. Cells were harvested by centrifugation, washed with PBS, and adhered onto glass coverslips. Cell fixation, permeabilization, and AHA detection were performed according to the manufacturer's instructions. Cells were visualized under a fluorescence microscope, and images were taken under the same exposure time for control cells and RNAi cells or overexpression cells (eIF4E4 and mutants) or RNAi complementation cells (PABP1 and mutants). Fluorescence intensity of individual cells was measured with the ImageJ software, and the data were further processed by subtracting the background signal and then dividing with the area of the cell to generate the AHA fluorescence per cell area.
Immunofluorescence microscopy-Cells were fixed with cold methanol (−20°C) for 30 min, rehydrated with PBS, and then blocked with 3% BSA in PBS for 1 h at room temperature. Cells on the coverslip were incubated with YL 1/2 monoclonal antibody (1: 1,000 dilution) (Sherwin et al., 1987) for 1 h at room temperature. Cells were then washed three times with PBS, and incubated with FITC-conjugated anti-rat IgG (1:400 dilution, Sigma-Aldrich) for 1 h at room temperature. Cells were washed three times with PBS, mounted with DAPI-containing VectaShield mounting medium (Vector Labs), and imaged under an inverted fluorescence microscope (Olympus IX71) equipped with a cooled CCD camera (model Orca-ER, Hamamatsu) and a PlanApo N 60x1.42-NA lens. Images were acquired using the Slidebook 5 software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using the Student's t test in the Microsoft Excel software. Detailed n values for each panel in the figures were stated in the corresponding legends. For immunofluorescence microscopy, images were randomly taken and all cells in each image were counted.
DATA AND SOFTWARE AVAILABILITY
Mass spectrometry data: the list of all identified phosphopeptides in eIF4E4and PABP1 has been deposited in the PeptideAtlas database with the accession number PASS01291.
The original dataset has been deposited in Mendeley database with the following https:// doi.org/10.17632/xwk46s3vg7.1
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. In all of the panels, the graph below the western blots shows the quantification of band intensity. Error bars indicate SDs from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no statistical significance. Phosphorylation of eIF4E4 is required for protein translation. Quantification of AHA fluorescence intensity was carried out as described above. ***p < 0.001; ns, no statistical significance. (C) Phosphorylation of PABP1 is required for protein translation. Quantification of AHA fluorescence intensity was carried out as described above. ***p < 0.001; ns, no statistical significance. (D) Model of CRK1-mediated phosphorylation of eIF4E4 and PABP1 on protein translation and G1/S transition. Phosphorylation of eIF4E4 and PABP1 promotes the association of eIF4E4 with the m 7 G cap and of PABP1 with poly (A) . It also promotes the interactions among translation initiation factors and self-interaction of PABP1. This may facilitate or strengthen the assembly of the translation initiation factor complex, the cooperative binding of PABP1 to the poly(A) tail, the association of eIF4E4 with the m 7 G cap, and the
